A sampling protocol was developed to examine particles released from granular activated carbon filter beds. A gauze filter/Swinnex procedure was used to collect carbon fines from 201 granular activated carbon-treated drinking water samples over 12 months. Application of a homogenization procedure (developed previously) indicated that 41.4% of the water samples had heterotrophic plate count bacteria attached to carbon particles. With the enumeration procedures described, heterotrophic plate count bacteria were recovered at an average rate of 8.6 times higher than by conventional analyses. Over 17% of the samples contained carbon particles colonized with coliform bacteria as enumerated with modified most-probable-number and membrane filter techniques. In some instances coliform recoveries were 122 to 1,194 times higher than by standard procedures. Nearly 28% of the coliforms attached to these particles in drinking water exhibited the fecal biotype. Scanning electron micrographs of carbon fines from treated drinking water showed microcolonies of bacteria on particle surfaces. These data indicate that bacteria attached to carbon fines may be an important mechanism by which microorganisms penetrate treatment barries and enter potable water supplies.
Activated carbon has been widely used in the treatment of drinking water to remove unpleasant tastes and odors as well as to control the formation of trihalomethanes (11, 18, 21, 28) . Granular activated carbon (GAC) is effective in adsorbing a wide range of organic compounds, some of which serve as nutrients for bacterial growth (2, 4, 5, 9, 24, 28) . Various researchers have shown that GAC used to treat drinking water supplies can be heavily colonized by heterotrophic microorganisms (2, 4, 5, 18, 28) . Potential problems could arise if these bacterium-coated particles penetrate treatment barriers (23) or if organisms are sloughed or sheared from colonized filter beds and enter finished drinking water supplies (26) . Recent studies (14) have shown that bacteria attached to GAC are resistant to chlorination.
Previous investigations into the effects of activated carbon on the microbiology of finished drinking water have indicated that GAC had little impact on the bacterial quality of potable water supplies (2, 5, 18, 24) . It was thought that any bacteria emanating from GAC filters were effectively treated by post-chlorination. In addition, it was shown that bacterial levels were generally low and of little health significance.
All of these prior investigations examined carbon-treated water by collecting standard grab samples and enumerating microorganisms by standard bacteriological procedures. However, these techniques give inadequate results since a single particle coated with thousands of bacteria would yield only one colony. Recently, we have developed a homogenization technique to quantitatively desorb microorganisms from GAC (6) . This procedure was shown to enumerate attached microorganisms at efficiencies of 80 to 90%. This report describes a novel sample collection method capable of trapping particles from treated drinking water. Application of the homogenization technique on particles collected by this method allowed us to evaluate the impact of carbon fines on drinking water quality. The results show that bacteria attached to carbon particles passing through GAC filters can be an important source of contamination in treated drinking water supplies. Corp.). Each fleaker was vigorously hand shaken to dislodge particles from the filter. The gauze was removed and the suspended particles were chlorinated with 2.0 mg of sodium hypochlorite per liter for 30 min at 4.0°C (pH 6.5 to 7.0) in the dark. This chlorination procedure effectively eliminated bacteria not attached to particulate material (14) . Samples were dechlorinated with sodium thiosulfate (1). Chlorinated samples were divided into two parts; one half was evaluated after hand shaking and the other was assayed following homogenization (6) . The homogenization procedure consisted of blending the sample at 16,000 rpm in a solution of 10-6 M Zwittergent 3-12 (Calbiochem-Behring, La Jolla, Calif.), 10-3 M ethylene glycol-bis(P-aminoethyl ether)-N,N'-tetraacetic acid (EGTA), 0.1% peptone (Difco Laboratories, Detroit, Mich.), and 1 mM Tris buffer, pH 7.0 (Sigma Chemical Co., St. Louis, Mo.) for 3 min at 4°C. Coliform bacteria were enumerated by the membrane filter technique, using 0.45-,um HA filters (Millipore Corp.) and m-T7 agar (12) . A total of 90 ml was filtered, usually in three 30-ml quantities. Plates were incubated at 35°C for 24 h. Yellow colonies were counted with the aid of a disecting microscope (x15) and confirmed in lauryl tryptose broth for gas formation at 35°C for 48 h. Coliforms were also enumerated by using a modified three-tube, three-dilution, multipletube fermentation technique (most probable number [MPN] ). The method was modified by adding sodium lauryl sulfate (Sigma) to the lauryl tryptose broth medium (prepared initially without lauryl sulfate) 4 h after inoculation. Gas-positive tubes were confirmed by inoculation into brilliant green bile broth and isolation on m-Endo agar (Difco). Identifications were performed with the API-20E system (Analytab Products, Plainview, N.Y.). Coliforms were screened for fecal biotype by inoculation into EC broth (Difco) and incubated for 24 h at 44.5°C. Heterotrophic plate count (HPC) bacteria were enumerated, in triplicate, by the spread plate technique, using R2A medium incubated for 7 days at 25°C (21) . HPC bacteria were identified by the procedure of LeChevallier et al. (15) .
MATERIALS AND METHODS
An increase of greater than twofold in bacterial counts of homogenized over hand-shaken sample was selected as an indication of attached populations for all enumeration procedures.
Particle examination. Carbon samples were prepared for scanning electron microscopy by mounting critically pointdried particles on a copper support, using colloidal graphite (Ted Pella, Inc., Tustin, Calif.). Samples were shadow casted with platinum and examined with a JEOL model JEM-100 CX scanning transmission electron microscope. Particles were also observed by using the acridine orange direct count procedure of Hobbie et al. (11) .
Additional particle analyses were done with the aid of an image analyzer system composed of an Olympus model H-2 microscope and a Quantimet Qlo standard program. Particles were prepared for viewing by concentration on 0.45-,um HA Millipore filters and examined under epi-white light illumination, using Nomarski filters at x15 magnification. All measurements were made on 10 fields per sample. Some samples were split and half were treated with 2 N HCl to remove organics and manganese oxide material that might be mistaken as carbon.
RESULTS
A total of 201 gauze filters were collected from nine drinking water treatment facilities during the 1-year sampling period. Analysis of the particles entrapped by the filters showed that 41.4% of the samples had a greater than twofold increase of HPC bacteria when enumerated by the homogenization technique compared with conventional hand-shaken methods (Table 1 ). An increase of this magnitude was presumed to be due to release of attached microorganisms. The mean increase of HPC bacteria after homogenization was 8.6-fold, while the maximum increase observed was 50-fold. Coliform bacteria were enumerated by two techniques (Table 1) . Over 17% of the samples analyzed by the modified MPN procedure showed a greater than twofold increase after homogenization. The average increase in coliform densities after homogenization was 24.5 times higher than by the conventional analyses (maximum increase, 122.2 times higher). Coliform enumerations by the membrane filter (MF) technique showed only 7.0% of the samples with a greater than twofold increase, but the mean increase was 124.3 and the maximum increase was 1,194 times higher than the unblended samples.
An understanding of when carbon particles penetrate treatment barriers is important in the management of drinking-water filters. Experiments were designed to collect particles during the full filter run as well as immediately before and after the backwash cycle. Data presented in Table 2 indicate that more carbon fines were found with the full filter run samples. The time periods before and after backwash were not associated with an especially great amount of particle break-through. The mean filter ratings for samples that yielded greater than twofold increases in coliform and HPC bacteria after homogenization were also slightly higher than the overall mean filter rating.
Information presented in Table 3 suggests an association between the volume of water passed through the gauze filters and the increases observed in coliform densities after homogenization. The results show that one-quarter of the samples collected from the full filter run (18,600 liters) had greater than twofold increases of coliform bacteria after homogenization. The mean increase of coliform organisms was 111 times higher than the hand-shaken count. Water Identification of bacteria from hand-shaken and homogenized samples indicated that, while recoveries of HPC bacteria increased after homogenization, the diversity of HPC microorganisms did not become greater. Six genera of HPC bacteria (Arthrobacter, Alcaligenes, Acinetobacter, Micrococcus, Corynebacter, and Pseudomonas) were recovered from five samples analyzed by both hand-shaken and homogenized methods from three distribution systems.
An increase in species diversity was observed for coliform bacteria after homogenization for both the MPN and MF procedures (8 versus 12 and 4 versus 10, respectively) ( Table  4) . Five species were detected only in homogenized samples (Kluyvera spp., Enterobacter agglomerans, Aeromonas hydrophilia, Citrobacterfreundii, Serratia spp.). There were 2.5 more coliforms exhibiting fecal biotypes after homogenization than by hand-shaken analyses (Table 4) .
Black particles collected by the gauze filters from GACtreated drinking water were examined with the aid of an image analyzer (Table 5) . Results showed that the particles ranged from 1.0 to 3.5 x 103 ,um in length and were nearly spherical. Three samples were split and half were treated with 2 N HCl to determine if manganese dioxide and dark organic materials were influencing the filter ratings. Results showed no difference in the size distribution of treated and untreated particles, suggesting that the material was carbon and not debris.
Carbon material collected from GAC-treated distribution water and examined by scanning electron microscopy showed microcolonies of bacteria on the particle surfaces. Bacteria coated with extracellular material were observed in the cracks and crevices on the carbon surfaces. Analysis of carbon particles by using acridine orange and Hoechst stain also revealed sporadic patches of microcolonies (data not shown).
DISCUSSION
The results of this study have shown that carbon particles can penetrate treatment barriers and enter finished drinking water. The development and use of a gauze filter/Swinnex sampling technique permitted the examination of large volumes of filtered drinking water for carbon fines. Carbon particles were observed routinely in the gauze filters received from treatment facilities. These findings support those of Robeck et al. (23) , who in 1964 demonstrated that powdered activated carbon frequently penetrated treatment filters and caused problems in distribution water, particularly when flocculation was weak. Syrotynski (25) showed that microorganisms, turbidity, and aluminum ions could be associated with filtered drinking water effluents at all ranges of flows but especially at high filtration rates (1.44 to 2.52 liters/min per m2). In this study, experiments were designed to determine when carbon particles entered finished water supplies. It was anticipated that the time before or after filter backwash would be the period of highest particle penetration (3) . However, results showed that the accumulation of carbon fines was dependent only on the amount of water filtered and not on the time period before or after filter backwash (Table 2 ). These results suggest that the release of carbon fines was a random event not related to filter operation.
Data presented in this report indicated that >40% of the samples contained carbon particles colonized with HPC bacteria (Table 1) . HPC bacteria were recovered at a rate 8.6 times higher than with conventional analyses. Over 17% of the samples contained carbon particles colonized with coliform bacteria (Table 1) . Maximum coliform recoveries ranged from 122 to 1,194 times higher than when standard procedures were used. Examination of scanning electron micrographs of carbon fines from treated drinking water showed microcolonies of bacteria on particle surfaces. It is likely that desorption of these bacteria by the homogenization procedure would result in large increases in recoveries of coliform and HPC bacteria. The observation that increased coliform recoveries were usually of a single species also supports the microcolony hypothesis.
Consistent with this idea is the effect of seasonal changes. The seasonal input of nutrients and warm-water temperatures could stimulate growth of the microcolonies, resulting in higher bacterial recoveries. Indicator organisms attached to carbon particles in drinking water could be responsible for sporadic recovery of coliform bacteria in routine samples. Further, accumulation of carbon particles in distribution mains could be involved in the phenomenon known as coliform regrowth. It should also be noted that this study was performed with the cooperation of treatment plants that were properly operated and had no history of coliform problems in the distribution water. The impact of GAC particles on water quality may be more severe in instances where treatment is not diligently monitored.
Previous studies have shown that bacteria attached to GAC were unaffected by disinfection with 2 mg of free residual chlorine per liter for 1 h (14) . The experiments performed in this study support these results. All of the microorganisms recovered in this study survived disinfection with 2 mg of free residual chlorine per liter for 30 min of contact. Some of the bacteria released from carbon fines, including Acinetobacter spp., Pseudomonas spp., Klebsiella pneumoniae, Aeromonas hydrophila, and Serratia spp. may be opportunistic pathogens (9, 16, 19 
